ABSTRACT Shunt active power filters (APF), which are the most momentous part of a power system, reduce different types of harmonics. Advancements in technology demand smaller, faster, accurate, and more functional filters that are resistant to static and dynamic issues. To enhance the performance of a shunt APF, an instantaneous mass complex control (IMCC) strategy, which is based on a synchronous frame, is proposed in this paper. The advantages of the proposed strategy, such as lower equipment costs and simplified APF, can be achieved by introducing low-cost sensors to eliminate the harmonic detector. The proposed new repetitive controller and a proportional-integral controller in parallel provide a shorter convergence time with a higher response. To improve the system stability to a higher margin, a dumping coefficient is introduced. The algorithm of the design controller and simulation and experiments are detailed to demonstrate the satisfying performance of the proposed controller.
I. INTRODUCTION
The rapid population growth of humans in the 21st century has enabled the fast and substantial development of technologies, which is primarily supported by a power system. Engineers are developing various power electronic technologies on a daily basis to support electronic equipment, which is employed to reduce the work required to support resources for human development. The development of power electronics technologies has two aspects: the first aspect is the ease and comfort, while the second aspect is the threat to the same system. This threat is concerning to a power system. To support a power system, numerous electronic equipment, such as diodes, rectifiers, and switch power supplies, are utilized. These nonlinear power devices inject harmful harmonics into a power grid, which causes malfunctioning of electronic equipment, fluctuations, increases in temperature, and power loss [1] - [5] . Due to the fast response to the load variations, most harmonics currents are generated to eliminate these harmful harmonics; in a grid, active power filters (APF) are employed [6] - [9] . In most APF strategies, the performance of The associate editor coordinating the review of this manuscript and approving it for publication was Snehal Gawande.
APF primarily depends on the controller and is considerably influenced by its control strategy. [10] - [13] . The design of a controller that achieves excellent performance in static and dynamic conditions is a controversial topic in the research field of APF [14] , [15] . In APF, current controllers with conventional PI control are extensively employed due to their effective and simple control. However, the bandwidth limitation of the PI regulator cannot satisfy the requirement of practical applications as a harmonic current reference includes harmonic currents of different frequencies [16] . Periodic disturbance signals or periodic reference signals can be tracked using the internal model principles [17] - [21] . Problems such as disturbance elimination and periodic and signal Tracking can be successfully solved by a repetitive controller. However, the dynamic performance of a control system is imperfectly affected by the hysteresis of a cycle control. A series of improved methods, such as state feedback control and internal current loop control, are presented to improve the dynamic performance of repetitive control and shorten a repetitive cycle. An internal model with fast repetitive control to improve the efficiency of the control scheme is presented, and a synchronous coordinate system with a repetitive control strategy is proposed [22] - [27] . These proposed algorithms in [22] - [27] ensure the dynamic performance of the control system and a high-quality sine wave of the grid current. However, these proposed control schemes cannot be implemented in practical applications for two reasons: first, they require too many signals, and second, these schemes will increase the cost and volume of the system. Different types of rectifiers generate different types of harmonic currents, which usually exist in a power system. In these harmonics, the currents are 6q ± 1. Due to the characteristics of these types of harmonics, a novel IMCC strategy that is based on a synchronous coordinate system in a synchronous frame is presented. The proposed control scheme depends on two parts, i.e., a mass coefficient in the control scheme and optimizing the internal model based on fast repetition, which substantially improves the results.
To achieve the compensation performance of APF, the control performance should not affect be affected by the harmonic tracking process. Therefore, the structure of APF is significantly simplified by the proposed repetitive controller, which can directly address current signals by collecting from the grid. The control speed performance of a repetitive controller is perfectly improved by shortening the response time [28] , [29] . An internal model is significantly optimized; the repetitive period response is multiple times faster than that of a traditional model. The repetitive controller performance is improved by internal model optimization but with some delay due to the internal model principal. To overcome the limitation of the control scheme, the design is united with a PI controller via adjustment of the mass coefficients, which improved the control performance of the PI controller. The combination of both enhanced the dynamic performance while loads are changing. To improve the stability margin in the application of an APF system, the damping coefficient R m is introduced in the internal model. The fast conversion performance and proposed control scheme comparison between a traditional strategy and the proposed control strategy are analyzed. The feasibility and validity of the proposed control strategy are verified by simulation and experimental results.
II. ANALYSIS OF IMPROVED CONTROL STRATEGY A. PRESENTATION OF IMCC STRATEGY
Three-phase rectifiers are often employed as front-ends in industrial AC drives. In this paper, a load is a nonlinear load device. The structure of a three-phase shunt APF system with an output filter of LCL is shown in Figure 1 . APF is used to eliminate harmonics in a grid, as sources of harmonic compensation generate inverse harmonic current. In Figure 1 , the three-phase voltage source inverter (VSI) is the main circuit of APF and is connected parallel to the load, while APF is connected to the grid by the LCL filter. L1, C, and L2 are different known parameters of the LCL output filter, where V s is the voltage of the grid, u dc is the DC capacitor of VSI and L s is the inner inductance of the power supply. To maintain a stable DC voltage of APF, a PI controller is usually employed in the outer voltage loop while compound control is used to regulate the grid voltage and current in the same phase by the inner current loop [21] . The simplified APF control system, which consists of a current loop and a voltage loop, is shown in Figure 1 .
The IMCC strategy is proposed to improve efficiency by optimizing the internal model of the repetitive control to eliminate errors faster in the grid. This strategy consists of an improved repetitive controller and mass adjustment in a complex controller, as shown in Figure 2 . Initially, in a synchronous coordinate system, the current is transformed, and current signals are sent to the complex controller, which does not contain any fundamentals. The real current i k,mn is regulated followed by its reference i * mn with the help of the proposed repetitive controller and PI control. In the complex controller, the mass coefficients γ and 1 − γ are introduced to achieve the dynamic performance of APF while changing the load. This function enhanced the control effect of PI and remarkably improved the APF switch performance in dynamic and static conditions.
B. OPTIMIZED INTERNAL MODEL OF FAST REPETITIVE CONTROL
In an AC power system, even harmonics are usually absent while odd harmonics are multiples of three in a three-phase system known as triple harmonics, which are theoretically absent in a balanced three-phase system. Some odd harmonics, such as 5, 7, and 11, cause more damage than even harmonics. Most of the harmonics generated by a nonlinear load, such as a typical three-phase rectifier with an inductance load are 6q ± 1 with q = 1, 2, 3 . . . in industrial applications [26] . To calculate the load, the currents of the two phases a and b are randomly selected for a three-phase grid (1), as shown at the bottom of this page.
In this equation, H is the harmonic order, ω is the fundamental angular frequency, I 1 is the fundamental current amplitude, and I H is the nth current amplitude.
Using transformation for equation (3), the equation of the current in a synchronous coordinate system is expressed as follows: (4) , as shown at the bottom of this page.
In the complex control strategy, repetitive control can accurately track the output current, while the PI controller makes a rapid response to the fluctuation of the reference signal. The repetitive controller transfer function is expressed in (5) Tracking the performance of APF is an important task as the performance can be directly affected by the period delay, as shown in equation (5). Therefore, the proposed model controller, whose repetitive period is maintained to one-tenth of the conventional controller and the optimization of the internal model, enhanced the response to a greater extent. In the equations, T = 2π ω o and ω o = 2π f o is the fundamental angular frequency. To modify the transfer function of a repetitive controller using the Euler formula and considering the characteristics of a three-phase rectifier, we set ω = 6qω o , where q = 1, 2, 3 . . .
By the introduction of the new controller, the harmonic currents order 6q ± 1, which acts as 6i in the coordinate system, can be completely eliminated. As expressed by equation (7), the controller has infinite gains with q = 1, 2, 3 . . . as it is simple and can be easily and digitally implemented.
C. MASS COEFFICIENT ANALYSIS
When the load suddenly changes, single repetitive control cannot achieve excellent anti-jamming performance and smooth tracking performance due to a long adjustable time and considerable overshoot without a perfect PI controller with strong parameters. This is the purpose of introducing the mass coefficient in traditional compound controllers. When a steady state is attained, the dynamic performance mostly depends on PI control during load fluctuation, while repetitive control determines the steady-state performance, including both the Total Harmonic Distortion (THD) and steady-state accuracy of the system. Figure 5 shows that the proportional coefficients γ and 1 − γ are used to adjust the control mass of PI control and repetitive control. The block diagram of the IMCC method is shown in Figure 2 ; equation (8) provides the discrete expression of tracking performance and anti-jamming performance, and U R (z) is a repetitive control expression.
The mass coefficient increases the performance of PI control in switching the load, as the output of the PI branch of IMCC differs from that of the traditional method in the steady state, as shown in equation (8) . By optimization, fast repetitive system control is simplified, and the response speed of the controller is enhanced, while a slight increase in THD is observed in the steady state of repetitive control. The drawback is smoothly stabilized by the introduction of a coefficient.
III. PERFORMANCE ANALYSIS OF IMPROVED CONTROL STRATEGY A. FAST CONVERGENCE SPEED
In Figure 6 , a closed-loop control system is established to analyze the convergence performance of APF. The repetitive controller compensation part is U C (k); the PI controller transfer function is P k ; the LCL output filter transfer function is U F (k); the load side current is I L (k) and the grid side current is is (k) without a direct component. In the discrete-time domain, the proposed control performance is analyzed, in which the time period of the dynamic response is set to T/n-1, where T is the time period of traditional repetitive control, while n-1 is subject to the harmonics response to address and ''r'' is the repetitive cycle.
We can obtain different following equations from figure 5 as follows:
The supply side current in the last period is expressed as follows:
We assume that the load side current remains unchanged in the steady state of the APF working system during two adjacent periods:
By combining all the results, we can obtain the following equation:
To obtain the ratio of two adjacent periods from equation-8 and equation-11, we can replace the voltage parameters N p (k) and N (k) with I k (k) as follows:
We assume that the G Y (k) is the remainder ratio of h r+1 (k) and h r (k) harmonic values of two adjacent cycles. The smaller is ||G Y (k)||, the shorter is the convergence time [14] . If we make ||G Y (k)|| < 1, then the errors will become zero. Thus, the load side current can be obtained from the ratio of the error equations between the traditional control strategy and the improved control strategy, which can be expressed as follows:
To obtain the ratio of the error equations between the traditional control strategy and the improved control strategy is expressed as follows:
This equation shows that the APF performance is appreciably enhanced. The control strategy has a high rapid response to the current mutation and has a faster convergence speed compared than that in the traditional control strategy.
B. STABILITY OF PROPOSED CONTROL STRATEGY
Ensuring stability and attaining the excellent performance of a control system is a prerequisite. When a disturbance or parameter fluctuations occur, the control system should have a larger margin in any advance control to ensure stability. We can establish the transfer function of repetitive control in the Z-domain from Figure 7 of the discrete control block diagram, which can be shown as follows:
The harmonic current of the supply side can be expressed as follows:
From equations (16) and (17), the expression of the grid harmonic current can be derived.
The characteristic equation of a system can be obtained from equation (18): In practical engineering, most of the system becomes unstable due to errors of modeling and phase compensation. As in the modeling, the stability is based on low and medium frequencies where the amplitude and phase compensation errors are too small which can affect the stability in real time scenarios. Therefore, for system stability, the characteristic equation of all solutions remains in a unit cycle per the definition of discrete system stability. To achieve the task, the smallgain theory is applied to achieve a satisfactory situation for system reliability [31]- [33] . The equations are expressed as follows:
To satisfy equation (21), the status U F (z) =0 must always remain true. When U X (z) is in low and medium frequencies, it satisfies equation (19); however, as it enters the 2 nd and 4 th quadrants, the solution of equation (19) will be out of the unit cycle and the system will be unstable. In the internal model of the control system, the damping factor R m is introduced to enhance the robustness. The satisfactory situation of stability can be derived as shown in equation (22), while improvement in the internal model is shown in Figure 8 (b).
The selection of R m is a very important factor subject to the U x (z) range due to two aspects, which directly affected by it, i.e., PI control regulation and the safe margin to the imaginary axis. The stability margin is directly proportional to the poor regulation performance of PI control. Therefore, we must be careful with the incremental enhancement of ''a''. In Figure 9 , the Nyquist curve diagram, ''a'' varies from 1, 0.9, 0.8 . . . .0.1, and the stability improves while the control performance of the PI controller becomes poor and vice versa. As a result, balancing R m is introduced. The R m ''feedback coefficient'' can be adjusted in the range of 0.75 to 0.99 subject to the system stability requirement, as some high-frequency harmonic orders depend on the load types. In this paper, R m = 0.94 is considered subject to the load.
The largest advantage of the R m introduction to the system is that it shifts the stability towards the safe inner side, while a small portion is left in the second and fourth quadrant. Figure 8(b) shows the unit circle and its imaginary axis, which is tangent to it. The robustness of the system is significantly improved by adjusting the mass coefficient using the IMCC method for the control performance and conversion performance of the PI controller between the static state and the dynamic state.
IV. PARAMETER DESIGN
If the controller is incongruously designed, the system will be unstable and easily overshot. To improve the accuracy and eliminate the static error of the system, the integral coefficient R i has the ability, while R p (open-loop gain) should not be outsized to ensure a sufficient phase margin for the PI controller and maintain the stability of the closed-loop system. A larger R p cause poor control accuracy and the system will become unstable. A smaller R p will improve the adjustment accuracy and slow response. To compensate for the high-order harmonic frequency in designing the PI controller, the proportion parameter in a strong open-loop bandwidth is compulsory. In a digital control system, the controller output is usually delayed due to the influence of the system computing time and sampling during the switching period. Although a PI controller cannot accomplish zero-error tracking for the bandwidth limitation, its fast response performance can support the limitation of repetitive control [34] . In the design of a repetitive controller, a low-pass second-order filter is used to avoid over-large high-frequency gain [35] ; R r is the gain coefficient: C1 z is used to provide high power attenuation and C2 z is used to provide converter negative gain to eliminate the resonant peak at the cut-off frequency. The performance of the repetitive controller is considerably influenced by the compensator U c (z) after setting R i = 12 and R p = 3. Therefore, we use the traditional method to design the compensator for the improved version of the controller. The transfer function can be derived per Figure 1 as follows:
The phase shifting to the middle frequency from the low frequency is not feasible, as the function in equation (23) is a three-order system. Therefore, to derive the general form of a low-pass second-order filter can be expressed as follows:
Equation (26) provides the expression of a filter, where γ 0 and γ r are the mass coefficients. In normal conditions, when the zero-phase shift filter cut-off frequency is lower than the working frequency, the gains remain almost constant; however, as the cut-off frequency becomes larger than the working frequency, the gain will rapidly deteriorate [36] . To simultaneously achieve two tasks, i.e., first, to satisfy the requirement of µ > 0.707, and second, to prevent the resonance in the control loop. At the cut-off frequency, the zero-phase shift filter C2(z) usually provides the converter negative gain to eliminate the resonant peak while keeping the coefficient µ = 0.8 in normal conditions. When the order of C2(z) changes from 1, 2, 3, 4 . . . , the controller will become more complex although its K r will have a wide stable range but the compensation performance will be substantially affected due to the mismatch between the generated notch and the resonant frequency of the inverter. In this paper, the characteristic notch filter is employed and its general expression is shown. The compensation performance of the zero-phase shift filter is shown in figure 10 as follows:
To compensate for the delay caused by the compensator and the controlled object in the PWM modulation of the sampling process, the coefficient k is introduced in the repetitive controller. The notch filter gain coefficient is m, n is the opening coefficient, ω is the notch frequency that is equal to the no-load resonant frequency, and the phase compensation coefficient k = 1.5, m = 0.75, and n = 0.85 are set.
V. RESULTS AND DISCUSSION

A. SIMULATION VERIFICATION
The APF system is established based on Figure 1 to demonstrate the efficiency of the anticipated control algorithm, which is based on MATLAB/Simulink, is developed. The inductance and resistance load with a six-pulse Rectifier Bridge is used as the harmonic source. The detailed parameters are given in Table 1 . Figures 10 show the compensation performance of the traditional repetitive control scheme and the proposed control scheme due to the delay of the internal model. The repetitive controller does not work until 0.02 s in the traditional control scheme, and the proposed time is 0.01 s, as shown in the simulations in Figure. 10 (a and c) . Due to the nature of the load, most of the harmonics are 6q ± 1. The THD shown by the fast Fourier transform (FFT) in the traditional control scheme is 2.50%, while the THD is reduced to 1.85% by the proposed scheme and the characteristic harmonics are eliminated by nearly 35% compared with that of the traditional scheme. In the traditional scheme, the resonant peaks are suppressed from 0.01 s in the proposed scheme and 0.02 s in the traditional scheme and remain unchanged at approximately 0.09 s. The resonant humps decrease to a minimum at 0.04 s and remain stable in the last 0.06 s, which indicates that the proposed control scheme can depress the resonance more rapidly and the improved APF system has a smaller steady error.
B. EXPERIMENTAL VERIFICATION
A prototype of a three-phase parallel APF is established in Figure 11 to validate and verify this proposed controller. The investigation results of the proposed improved control scheme and the traditional control scheme are given in Figure 12 . PWM generation, repetitive control, and A-D sampling are accomplished by FPGA. The Prototype APF control system is based on TMS320F2812 (150 MHz/32 bit) integrated into the SEED-DEC2812 EVM circuit board and the Cyclone EP3C25 FPGA. DSP is responsible for device protection, data analysis, and human-computer interaction. The simulation and experimental results are consistent, which validate and verify the proposed scheme. A comparison of traditional and improved control is given in Figure 13 while the dynamic experimental results are shown in Figure 14 .
VI. CONCLUSION
In this paper, a sophisticated current controller was proposed based on a synchronous reference frame. The APF system working principal and system stability are analyzed with reference to the static and dynamic performance based on the convergence function and control system block. The design of the controller was meticulously explained. The simulation and hypothetical analysis show that the proposed control strategy has advantages over the traditional control strategy for improving the system stability, faster convergence speed, elimination of 6q ± 1 harmonics, steady-state errors and its simplified form. The high-quality performance of dynamics was confirmed by the experimental results. 
